Abstract-Measuring graphene RF devices performances relies heavily on the precision of the de-embedding techniques adopted.
I. INTRODUCTION
Nine years from its initial isolation, graphene is emerg ing as a valuable candidate in the fields of High-Frequency electronics and Flexible and Transparent electronics, as ac tive and interconnect material respectively [1] . In both fields the high parasitic impedances of graphene/metal contact and interconnects are a critical issue, which greatly limits ex trinsic transistor Figures of Merit (FoMs) as iT and imax.
De-embedding allows correcting those numbers and boosts intrinsic FoMs up to twice the measured values [2] , a dramatic improvement compared to III-V semiconductor devices [3] . The error in de-embeddeding can lead to an error in intrinsic FoMs comparable to the correction due to de-embedding. A precise and robust de-embedding procedure is critical in graphene RF electronics research.
Multiline Thru-Reflect-Line (TRL) [4] is often regarded as the most accurate calibration algorithm as it does not require the fabrication of high-precision resistors. Neverthless, its validity at low frequencies is limited by the need of impractically long reference lines, especially if integrated in low-K; substrates. Another widely used algorithm is the Open Short (OS) [5] . It performs very well at low frequency, but being based on a lumped element circuit model, it requires the lengths of the pads and signal-to-ground interconnects to be smaller than ),, 120. For this reason, it should be used after both SOLT calibration and TRL de-embedding, resulting to a total of three de-embedding steps [6] . The Open-Thru (OT) method includes transmission line components of specified length [7] . It is unable to model line transitions such as tapers, which are necessary to electrically connect materials of small dimensions like graphene flakes.
The study of novel materials for RF such as metallic nanowires [8] , CNTs [9] and graphene [10] is performed from DC to several tens of GHz. Moreover, the impedance to be measured ranges from hundreds of Sl to many kSl, offering a poor match to 50Sl RF instrumentation and with significant variations in impedance from device to device. The calibration is done up to the probe tips on a standard calibration substrate, while the de-embedding of the fixtures is done through the TRL [8] , through the OS [2] , [9] , or neglected [10] .
In this work, the OT de-embedding procedure has been im proved to the on-wafer characterization of the high-frequency impedance of graphene and thin films. Its use allows for a more precise extraction of the contact and surface impedance of graphene, together with a more precise extraction of active device small-signal parameters and FOMs. Moreover, this new formulation overcomes the limit of the original OT method which required the absence of line transitions such as line width tapers. In Section II the method will be detailed; in Section III the de-embedding will be tested on a few graphene passive interconnects and compared with the widely adopted OS; in Section IV a high-frequency model of graphene will be extracted; and in Section V the robustness of this method will be measured.
II. METHOD
The original formulation of the OT method modeled the in terconnects phase delay using a transmission line component, where the propagation constant is derived by the measurement of the Thru standard and the line length is specified [7] . However, in the presence of line transitions far from the probes and the DUT, this simple model is not suitable anymore.
The improved OT introduced here is an extension of the Thru-only "Two-Port" method shown in [11] , where the error box related to each access fixture is first derived by the manip ulation of the S-parameters of the Thru, then converted into ABCD chain parameters. Using error boxes allows correcting also for fixtures that contain line transitions. In this work the Thru-only is detailed in a different formulation from [11] , where the matrix is directly derived in the ABCD domain. The final de-embedding of the data is the same for the two formulations.
A. Thru-Only de-embedding
In the Thru-Only method, the uncorrected DUT is thought as the chain of a left fixture, the DUT to be de-embedded, and the right fixture. The ABCD parameters of the Thru standard are square-rooted, inverted and left-and right-multiplied to the ABCD parameters of the DUT, as clearly described in (1) .
where D raw are the measured ABCD parameters of the DUT, T those of the Thru standard and D T are the de-embedded 
where T and 0 are the trace and the determinant of M respectively. Two solutions exist for the square root of the matrix of a generic delay line (two more exist and are identical to the first pair). However, only one of them is a physical solution, the other one gives anti-symmetric delay in forward and reverse transmission «S2 1 and <S 1 2 are rotated of 7r in Smith chart representation).
B. Open-Thru de-embedding
The Thru-only can be expanded to include the Open stan dard. Both the DUT and the Open standard are first corrected with the Thru-only method, then the Y-matrix of the corrected Open is subtracted from the DUT, as expressed by (5): (5) where D T and O T are the Y-matrixes of the DUT and Open respectively, both corrected using Eq. (1) in the ABCD domain and Dde-elTIb is the final de-embedded data.
III. SIMUL ATION AND COMPARISON
The test device is simulated as an equivalent circuit model in ADS Schematic. The DUT to be corrected is shown in Fig. 1 . It contains the intrinsic section DUTint, two 300 /Lm slightly mismatched lossy transmission lines at the inputs, and parasitic components Cs, CP 1 , CP2, Rs 1 , Rs2, Rp and Lp.
The central values of the capacitors are taken from the model of a series discontinuity as described in § 9.5 of [12] , and the inductor and resistances from [6] .
The Short and the Open standards are built according to the specifications in [13] , and the Thru contains all the elements with the exception of the short-to-ground impedance.
The de-embedding method presented here will be applied to the measurements of a graphene-Ioaded CPW line of reduced dimension fabricated on a flexible Polyimide (PI) substrate. The Material Under Test (MUT) is placed in series connection between the two signal lines. The CPW ground-to-ground width has been fixed at 25 /Lm to maintain the compatibility with in-lab mechanically exfoliated graphene. Lithographic variations of the inline gap (nominally 1.5/Lm) in the metallic electrodes has been evaluated using SEM imaging to be ±0.13/Lm. This results in a variation in the Zo of the lines in the order of 2.4% from nominal value and up to the 4.8% of the capacitance between CPW signal and ground electrodes, which should successfully de-embedded by the de-embedding method presented here.
A study of the robustness of the de-embedding method against geometrical variations can be easily performed intro ducing a 5% Gaussian dispersion on circuit parameters, in all standards and uncorrected DUT, and simulated with a Monte Carlo analysis. The central values and the relative dispersions are detailed in Table I . The resulting S-parameters are shown in Fig. 2 . The output variation of each method is comprised between the symbols (triangles and circles) of the respective color. The simulated errors of OS and OT techniques are listed in Table II , averaged between 0 and 110 GHz. They are evaluated as (l S11 1 + I S2 1 1 ) de-emb -(I S11 1 + I S2 1 1 ) D u T for magnitudes (in dB) and (abs( < S 11 ) + abs( < S2d) de-emb (abs( < Sll) + abs( < S2I)) D U T for phases (in degrees). The OS is more accurate at low frequency because it includes the short-to-ground impedance, but beyond 18 GHz the intercon nects are larger than ),/20 and the error grows quickly. The OT performs better than OS at 8.5 GHz and higher frequencies. The error spread in phases is better for OS and is three times better for OT in magnitudes.
An additional study reducing the interconnect length to 30± 5 /Lm has been carried out. The results are in Table II , showing again better performance of OT for magnitudes and of OS for phases. In this case OT is more accurate than OS beyond ",60 GHz. Graphene Supermarket@ has been transfered on the flexible substrate. The devices under test were completed by patterning graphene in strips of 20J.Lm wide as shown in Fig. 3 . The signal line gap separation is 2J.Lm for the first transition and 20J.Lm for the second, both electrically short at all tested frequencies. The lines have been measured with an Agilent PNA-X up to 67 GHz calibrated at -20dBm of power, to avoid any nonlinear effects [9] . The fabricated access lines are longer than 180J.Lm on each side, so the OT method has been used. One possible model for graphene at RF frequencies is the lumped element circuit in Fig.4 . It is composed by the sheet resistance Rsh, the contact resistance Rc and the contact capacitance Cc. Rc originates from the cascade of transport of electrons in graphene under the metal and their tunneling into the metal [14] . Cc is mainly used to model the charge accumulation at the interface in case of non-ideal �Graphene 7 b) c) Fig. 3 . The flexible PI substrate with included CPW lines (a), the deposition of graphene on the same (b), and a 20f.tm-wide graphene strip deposited on the signal line of the CPW on plastic substrate (c). contact. However, in the case of graphene, a fraction of Cc is predicted to be originating from its intrinsic physical properties [14] . Hence, Cc and Rc should be incorporated in graphene's behavior.
IV. GR APHENE INTERCONNECTS MEASUREMENTS
The sum of the resistors in Fig. 4 is fixed to the DC resistance Rdc, measured with a multimeter. Fig. 5 shows the de-embedded data and simulations which shows excellent agreement on all frequencies as in DC, proving that the fixture resistance has been correctly de-embedded. Table III shows the extracted parameters. Rsh and Cc differences are consistent with measured Rdc and can be explained due to contact non idealities. The 2 J.Lm graphene device has been de-embedded also with the OS method in order to evaluate the sensitivity to non-ideal standards. The OT and OS algorithms both use the same Open standard, of which various copies on the same sample have been measured. The de-embedded data have been averaged over all Open standards, and the errors associated to standard variation have been compared between the two methods. This is shown for the transmission in Fig. 6 . The OT method resulted in smaller error due to imperfections in standards compared to OS, i.e. 36% smaller for magnitude and 20% smaller for phase, averaged over all frequencies. The increased robustness of this algorithm is expected to reduce the error associated to the DOT modeling, resulting in reduced measurement time and throughput.
The accuracy of this method can be further enhanced by taking into account the Short standard, making it an improved Open-Short-Thru de-embedding protocol, which would allow the treatment of devices with a low impedance path to ground. However, depending on the impedance of the specific DOT properties, it's not trivial to determine if all the standards in an OST method should be employed. A dedicated study would be necessary to further explore those topics.
In conclusion, the Open-Thru method has been shown to be more accurate than the Open-Short for long interconnects, and more robust against imperfections in standards, both in Monte-Carlo simulations and in measurements of micrometric graphene strips. Non-ideal standards are frequently encoun tered in case of graphene and other carbonaceous thin films RF devices, whose small dimensions are close to lithographic re producibility limits. The high-precision de-embedding method presented here improved accuracy in modeling the graphene interconnects under test in this work.
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